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“Are certain developmental processes especially likely to be disrupted in hybrids? 
This question has been surprisingly neglected given that hybrid defects provide a 
rare window on those developmental processes and pathways that diverge rapidly 
between taxa”  
               - Coyne and Orr (2004) 
 
 Understanding the processes that generate species is a central goal in the field of 
evolutionary biology. In sexually reproducing taxa, new species are the result of reproductive 
barriers arising between different populations. These barriers can either prevent the formation of 
hybrids (extrinsic barriers) or reduce the fitness of the hybrids once they are conceived (intrinsic 
barriers). Considerable insights into general patterns of intrinsic reproductive isolation have been 
documented (Coyne and Orr 2004) including the identification of specific genes linked to 
reduced hybrid fitness (Presgraves 2010). However, one area that has remained relatively 
unexplored is the developmental basis of hybrid inviability (Coyne and Orr 2004). 
 Research into patterns of speciation has brought to light three general patterns of intrinsic 
reproductive isolation. First, intrinsic incompatibilities often result from deleterious interactions 
between divergent genes. This model requires at least two interacting loci and was put forth by 
Bateson (1909), Dobzhansky (1936), and Muller (1942). The Dobzhansky-Muller 
Incompatibility (DMI) model states that two interacting loci, which have diverged in different 
populations have never been evolutionarily tested and may therefore be incompatible with each 
other in an F1 hybrid. The DMI model has been widely accepted as the predominant mechanism 
by which hybrid incompatibilities evolve (Orr 1996). The two remaining patterns of reproductive 
isolation are so widely followed that they have been dubbed the “Two Rules of Speciation” 
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(Coyne and Orr 1989). These are Haldane’s rule and the large X effect. Haldane’s rule states that 
the sex with two different sex chromosomes (the heterogametic sex) is more often afflicted by 
deleterious interactions than the homogametic sex (Haldane 1922). Haldane’s rule is followed by 
nearly every taxa that has chromosomal sex determination and is likely due in part to the 
exposure of deleterious recessive interactions that reside on the sex chromosomes (Coyne and 
Orr 2004). A primary explanation of Haldane’s rule and the second of the “Two Rules” is the 
large X effect, which is the observation that the X chromosome is disproportionately involved in 
incompatibilities (Coyne and Orr 1989). Supporting evidence comes from Drosophila, where 
Dobzhansky (1936) found that in crosses between two races of D. pseudoobscura (now D. 
pseudoobscura and D. persimilis), the X chromosome played the largest role causing reduced 
testis size. Orr (1987) reaffirmed these findings that hybrid sterility was due to the D. persimilis 
X chromosome. Many recent studies in mice also support the large X effect (White et al. 2011; 
White et al. 2012). It is clear that many genes linked to postzygotic isolation map to the X 
chromosome (Coyne and Orr 2004). Both of these two rules of speciation imply that there is 
something unique about the sex chromosomes that result in their involvement in reproductive 
isolation. Moreover, they imply that the evolution of reproductive isolation may have a common 
genetic or developmental basis. 
 Along with these general patterns, many specific genes and interactions have been 
identified that are involved in reproductive isolation. In fact, specific genes leading to hybrid 
sterility or inviability have been described in Drosophila (Ovd (Phadnis and Orr 2009),  Zhr 
(Sawamura and Yamamoto 1993), Hmr (Orr et al. 1997), and Lhr (Brideau et al. 2006)) and mice 
(Prdm9 (Mihola et al. 2009)) . However the identification of specific genes fails to encompass 
the entire story of speciation, as Coyne and Orr describe above. While this work has eloquently 
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characterized the function of these genes, it still remains unclear whether they have any general 
developmental trends in common. Indeed, very little is known about which specific 
developmental time points and pathways are affected by genetic incompatibilities (Coyne and 
Orr 2004). 
 Addressing uncertainties about whether and in what way development is involved in 
hybrid sterility and inviability is important to further understand the process of speciation. In 
terms of sterility, the failure of meiotic sex chromosome inactivation (MSCI) has long been 
predicted to lead to sterility in hybrid males (Lifschytz and Lindsley 1972) and recent advances 
indicate that MSCI failure does indeed underlie hybrid male sterility in mice (Mihola et al. 
2009). However, much less progress has been made in discovering which specific developmental 
pathways are involved in hybrid inviability. In fact, it is unclear whether we should even expect a 
single pathway to play a recurrent role in inviability as developmental processes acting early in 
embryogenesis are often widely conserved and functionally important and therefore not likely to 
differ between closely related species (Coyne and Orr 2004). However, rapid changes in the 
expression patterns of genes involved in development are thought to be one of the main drivers 
of biodiversity (Carroll 2008; Brawand et al. 2011; Bolker 2000). A prime example of this is the 
changes in expression patterns of genes controlling beak shape in Darwin’s finches (Abzhanov et 
al. 2004). This and other similar studies (Mallarino et al. 2012; Cohn and Tickle 1999; Shapiro et 
al. 2004) show that development can evolve quite rapidly, and thus may play an important role in 
the evolution of intrinsic reproductive isolation. 
 Though there may be no general developmental process that breaks down commonly 
across all animals (Coyne and Orr 2004), such a commonality may exist within more restricted 
taxonomic groups. Mammals are an excellent taxon to study the evolution of development in the 
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context of speciation due to the great phenotypic and morphological disparity present between 
relatively few species. Furthermore, many mammal hybrids show abnormal patterns of growth 
(Gray 1972). F1 hybrids show a huge range of sizes where some are much larger than their 
parents and some much smaller. Some mammalian hybrids even show parent-of-origin growth, 
where one hybrid is larger than the parents while the reciprocal hybrid is smaller (Allen et al. 
1993; Table 1; Dawson 1965; Sokolov and Vasil'eva 1993). Parent-of-origin dependence 
indicates that sex chromosomes or maternal effects are involved and abnormal patterns of 
growth, implying that factors affecting development are disrupted in these mammalian hybrids. 
Intriguingly, these recurrent patterns raise the question of whether a general genetic mechanism 
often underlies the evolution of abnormal growth in mammalian hybrids. Few data have been 
collected to directly address whether there are general genetic trends underlying parent-of-origin 
growth phenotypes, but evidence from species pairs of house mice and deer mice do support the 
hypothesis that placental dysfunction during early development results in abnormal prenatal 
growth as well as adult size in hybrids (Dawson 1965). Thus placental dysfunction is an 
excellent candidate mechanism to explain the patterns of abnormal growth found across 
mammals.  
 Of all the tissues in a mammal, the placenta shows the highest rate of structural evolution 
(Leiser and Kaufmann 1994). Though despite gross morphological differences between different 
mammals the function of the placenta remains the same: a conduit through which offspring 
derive all the essential nutrients directly from the maternal tissue (Wildman 2011). Such a close 
interaction between two different genomes as that at the maternal-fetal interface can result in 
conflict over resource allocation (Burt and Trivers 2008). Conflict theory predicts that offspring 
strategies to garner more resources are met with maternal countermeasures to evenly allocate 
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them (Haig 2002; Crespi and Semeniuk 2004; D. W. Zeh and Zeh 2000). This arms race is 
played out in the placenta and predicts that placental-expressed genes should show rapid rates of 
molecular evolution (Burt and Trivers 2008; Haig 1993). Surprisingly, the growth controlling 
genes expressed in the placenta Igf2 and Igf2r show no sign of rapid evolution in their coding 
regions (McVean and Hurst 1997; Smith and Hurst 1998; Smith and Hurst 1999). Though 
controversial, it seems that the outcome of placental conflict has instead been the origin of a 
unique mode of gene regulation: genomic imprinting (Moore and Haig 1991) (but see: Solter 
1988; Wolf and Hager 2006; Varmuza and Mann 1994; Sapienza 1989; Hall 1990; Barlow 
1993).  
 Genomic imprinting has recently evolved in mammals as a mode of gene regulation that 
involves the silencing of one allele based on its parent of origin (Surani et al. 1990). This unusual 
mode of gene regulation presents a possible resolution to the conflict over resource allocation 
between the maternal and paternal genomes (Moore and Haig 1991). Genes that tend to promote 
embryonic growth are often paternally expressed while genes that tend to inhibit excess 
embryonic growth are often maternally expressed (Morison, Ramsay, and Spencer 2005). Along 
with genes that influence growth, the paternally derived X chromosome is also silenced in the 
extraembryonic tissue in females (Harper, Fosten, and Monk 1982). This is called imprinted X 
chromosome inactivation (XCI). Imprinted genes are commonly involved in placental formation 
and are crucial for proper placental function (Piedrahita 2011).   
 There are two reasons that imprinted genes are likely to be involved in reproductive 
isolation. First, imprinted genes evolve under strong parent-offspring conflict (Haig and Trivers 
1995; Burt and Trivers 2008) and thus are likely to evolve rapidly. Rapid evolution results in 
interspecific differences in patterns of imprinting and may increase sensitivity to regulatory 
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disruption (Varmuza 1993). Disruption of the regulatory silencing of a single allele results in 
abnormal development when the dosage balance between growth factors and repressors is 
skewed (Vrana 2007). Indeed, aberrant expression of imprinted genes is associated with 
abnormal placenta morphology and extreme growth in both deer mice (Duselis and Vrana 2007; 
Duselis and Vrana 2010; Vrana et al. 1998) and house mice (Shi et al. 2004; Zechner et al. 
1997). However, while these two systems have quite similar growth phenotypes, they are caused 
by strikingly different genetic mechanisms. Hybrid dysgenesis in deer mice has been linked to an 
epistatic interaction between loss of imprinting at the paternally expressed gene Peg3 and an X-
linked loci, Esx1 (Vrana et al. 2000; Loschiavo et al. 2007) and wide-scale loss of maternal 
imprinting is also found in overgrown offspring. In house mice the imprinting of Peg3 is also 
disrupted, but a backcross mapping panel showed that the expression pattern of Peg3 was not 
associated with abnormal growth (Zechner et al. 2004). As these two systems show markedly 
different genetic mechanisms despite having similar phenotypes, the addition of a third system is 
well motivated to establish common themes underlying mammalian reproductive isolation.  
 A second reason that imprinted genes are likely to be involved in hybrid inviability is that 
they are expressed from a single chromosome. Even though there are two genomic copies of 
each imprinted gene, they are functionally haploid. In this way imprinted genes are similar to the 
hemizygous X chromosome in males: they both could result in the exposure of recessive 
incompatibilities in hybrids that would otherwise be masked (Turelli and Orr 1995). This is one 
of the reasons for Haldane’s rule and the same logic can be applied to any haploid-expressed 
gene. Indeed when small sections of autosomes were made hemizygous through deletion lines in 
Drosophila, they resulted in hybrid inviability (Coyne, Simeonidis, and Rooney 1998; 
Presgraves et al. 2003). Furthermore, imprinting is intriguing in light of the DMI model as 
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interactions occur between haploid-expressed (imprinted) alleles from different species thus 
uncovering recessive interactions. Indeed, many paternally expressed genes interact directly with 
maternally expressed genes, a good example of which is Igf2, a paternally expressed growth 
promoter and its repressor, Igf2r, which is maternally expressed. The imprinted nature of these 
loci forces alleles from opposite species to interact with each other, which increases the 
probability that an incompatibility may occur.   
 This dissertation dissects the developmental basis of reproductive isolation between two 
species of hamsters: Phodopus campbelli and Phodopus sungorus. These two species are very 
closely related, sharing a common ancestor ~1 million years ago (Neumann et al. 2006), and 
have only recently been elevated from subspecies status based on hybrid male sterility in 
laboratory crosses (Sokolov and Vasil'eva 1993; Safronova and Vasil'eva 1996; Ishishita et al. 
2015). Dwarf hamsters are native to central Asia and the ranges are not reported to overlap, 
though sampling has been somewhat sparse . Furthermore, they are reported to show parent-of-
origin dependent growth where one hybrid is much larger than the parents while the reciprocal 
hybrid is similar in size to the parents (Sokolov and Vasil'eva 1993; Safronova and Vasil'eva 
1996). I have carried out a series of experiments to dissect the developmental basis of hybrid 
inviability between these two species of dwarf hamster. I first used reciprocal crosses to describe 
the exact pattern of developmental breakdown in hybrids. Then I assayed gene expression across 
the hybrid placental transcriptome to determine whether gene regulation is disrupted. Finally, I 
used a backcrosses mapping panel to identify the regions of the genome that are responsible for 
abnormal development. Thus, my dissertation uses classical genetics combined with next-
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5	(3)	 1	(1)	 -	 	 4	(4)	 1	(1)	
Carnivora	 1	(1)	 2	(2)	 1	(1)	 	 3	(3)	 1	(1)	
Perissodactyl
a	
1	(1)	 1	(1)	 -	 	 3	(3)	 1	(1)	
Primates	 -	 -	 -	 	 1	(1)	 2	(2)	
Rodentia	 1	(1)	 6	(4)	 -	 	 6	(6)	 -	























P.	campbelli	 60	 10	 NA	 NA	 58	 0	 2	 n.a.	 5.8.±0.7	 n.a.	 n.a.	  
P.	sungorus	 52	 9	 NA	 NA	 52	 0	 0	 n.a.	 5.8±0.5	 n.a.	 n.a.	  
P.	campbelli	✕	P.	
sungorus		

























P.	campbelli	 199	 205	 85	 50.7	 4.8±0.2	 2.3±0.2	 2.4±0.2	
P.	sungorus	 229	 226	 77	 49.7	 5.9±0.2	 3.0±0.2	 2.9±0.2	
P.	campbelli	✕	P.	























Grb10	 Maternal	 Biallelic	 Biallelic	
H19	 Maternal	 Maternal	 Maternal	
Igf2r	 Maternal	 Biallelic	 Biallelic	
Mash2	 Maternal	 Biallelic	 Biallelic	
Igf2	 Paternal	 Paternal	 Paternal	
Mest	 Paternal	 Not	Diagnostic	 Not	Diagnostic	
Peg3	 Paternal	 Paternal	 Polymorphic	
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P. campbelli x P. sungorus
P. sungorus

















































































Table S1: Mammalian crosses that show abnormal growth effects
Order Family Parent 1 Parent 2 1x2 2x1 Reference
Silent Nucleotide 
Divergence (Dxy) at cyt b 
(K2P corrected)
GenBank sequences used to estimate 
Dxy Quote
Artiodactyla Bovidae Ammotragus lervia Capra hircus NA Small Gray (1972) #382 0.1244 AF034731.1, AB044308.1 "full-term hybrid kids… [were] smaller than average full-term goat kids."
Artiodactyla Bovidae Bison bison Bison bonasus Large Large Gray (1972) #383 0.0773 AF036273.1, Y15005.1 "males in particular show heterosis in respect of body size. … a male hybrid born at Schoenbrunn was as heavy, at 2 years 
of age, as an adult 5-year-old European Bison."
Artiodactyla Bovidae Bison bison Bos taurus Large Large Gray (1972) #383 0.0712 AF036273.1, GU249573.1 "The f1 hybrids are long-lived, uniform in type, more docile than bison, and show heterosis. Very heavy losses of both 
calves and dams have resulted from matings between bison bulls and domestic cows, as the latter invariably secrete 
excessive amounts of amniotic fluid. The percentages of abortions and stillbirths are particularly high among mlae calves. 
... In the domestic bull x bison cow cross mortality is relatively low."
Artiodactyla Bovidae Bison bonasus Bos taurus Large Large Gray (1972) #384 0.0712 GU249573.1, Y15005.1 "The f1 hybrids were hardy and showed heterosis in respect to birth weight, growth rate (especially in the first 6 months 
of life), disease resistance, strength, and cold tolerance. When the wisent was the dam, the birth weight of the calves was 
less than when the domestic cow was the dam."
Artiodactyla Bovidae Bos grunniens Bos indicus Large Large Gray (1972) #389 0.0742 EU807952.1, EF061244.1 "the hybrids often show heterosis in respect to body size"
Artiodactyla Bovidae Bos grunniens Bos taurus Large Large Gray (1972) #389 0.0757 EU807952.1, GU249573.1 "Opinions differ as to what extent hybrids show heterosis. In general, it seems that they are intermediate in body size 
when bulls of improved domestic breeds are used, but surpass both parents when sired by bulls of unimproved stock."
Artiodactyla Bovidae Capra hircus Capra caucasica Large NA Gray (1972) #394 0.0385 AB044308.1, DQ246801.1 "The F1 hybrids reported by Misarev were heavier than either parental species at 4/5 years"
Artiodactyla Bovidae Ovis aries Ovis ammon karelini Large NA Gray (1972) #446 0.0312 JX567831.1, AJ867276.1 "In general appearance, conformation, and temperment the F1 hybrids tend to resemble the wild species, but they surpass 
the arkhar in body weight and wool characteristics."
Artiodactyla Camelidae Camelus bactrianus Camelus dromedarius Large Intermediate Gray (1972) #532 0.1062 AY126625.1, AY126630.1 "The f1 hybrids show heterosis with regard to body measurements, hardiness, endurance, longevity, and certain blood 
characteristics. The F1 hybrids are large, strong animals equally well adapted for draft and pack work. The cross between 
the male dromedary and the female bactrian camel is larger than the reciprocal cross at 3 months of age."
Artiodactyla Cervidae Cervus elaphus elaphus Cervus elaphus asiaticus Large NA Gray (1972) #498 NA No data for Cervus elaphus asiaticus "[The hybrids] are large animals."
Artiodactyla Cervidae Rangifer tarandus tarandus Rangifer tarandus caribou Large NA Gray (1972) #530 0.0056 AY726681.1, DQ673135.1 "[the F1 hybrid] is larger than the reindeer at birth (13-16lbs compared with 10-13) and weighs 50-100lbs more when full 
grown."
Carnivora Canidae Vulpes fulva Alopex lagopus Large NA Gray (1972) #163 0.1387 JQ003578.1, AY598511.1 "The hybrid surpassed both parental species in growth rate and body length. They are stronger and more vicious than 
either parent"
Carnivora Felidae Felis catus Felis silvestris Large NA Gray (1972) #129 0.0042 AB194817.1, EF689045.1 "The young hybrids reported by Peters were rather heavier than domestic cats of the same age"
Carnivora Felidae Felis concolor (Puma concolor) Panthera pardus Small Small Gray (1972) #131 0.1929 GU175442.1, EF056506.1 "Body length was much less than in either parental species"
Carnivora Felidae Panthera pardus fusca Felis concolor (Puma concolor) NA Small Gray (1972) #131 0.1929 GU175442.1, EF056506.1 "The hybrid described by Hemmer was a fairly small animal."
Carnivora Felidae Pantera leo Panthera tigris Large Small Gray (1972) #141 0.1158 JX023542.1, KC879296.1 "The hybrids [Tiger female x Lion male] are often larger than either parental species. According to Reisinger, one male 
hybrid weighed as much as both parents together. A female backcross (male P. leo x F1) was described as much smaller 
than a normal lioness"
Carnivora Felidae Pantera onca Panthera pardus Large Intermediate Gray (1972) #142 0.1376 EF056506.1, GU175435.1 "When barely 9 months of age, the hybrids[female P. pardus x male P. onca] surpassed their dam in body size. At 1.5 
years they were intermediate between sire and dam at height at the withers. [In the reciprocal cross] At 6 months of age, 
the hybrods were considerably stronger than leopards or jaguars of the same age."
Carnivora Mustelidae Mustela putorius furo Mustela putorius putorius Large NA Gray (1972) #188 0.0000 AB026103.1, AF057128.1 "The hybrids have a rapid growth rate and appear to be fully fertile."
Carnivora Ursidae Thalactos maritimus (Ursus maritimus) Ursus arctos middendorffi Large Large Gray (1972) #194 0.0126** AP012597.1, EU497665.1 "[The f1 hybrids] are large animals of normal viability."
Perissodactyla Equidae Equus asinus Equus grevyi Large Large Gray (1972) #352 0.0562 JF718884.1, JF718890.1 "the [E. grevyi x E. asinus] hybrids are superior to either parent in action, conformation and disposistion. The [E. asinus x 
E. grevyi] hybrids reported by Rzasnicki grew rapidly, and at 2 years of age were larger than their dam."
Perissodactyla Equidae Equus asinus Equus hemionus onager Large NA Gray (1972) #352 0.0517 JF718884.1, JF718887.1 "the hybrids are said to be larger and of better appearance than mules or asses."
Perissodactyla Equidae Equus asinus Equus caballus Large Small Allen (1969), Allen (1993), Gray (1972) #352 0.0773 JF718884.1, KC968811.1 Donkeys carrying hybrids show enlarged endometrial cups compared to horses carrying hybrids.
Perissodactyla Equidae Equus burchelli antiquorum Equus przewalskii Large NA Gray (1972) #359 0.0924 JF718888.1, JF718883.1 "The male [hybrid] described by Gunali showed heterosis in body measurements"
Perissodactyla Equidae Equus caballus Equus hemonius khur NA Small Gray (1972) #362 0.0847 JF718887.1, KC968811.1 "the hybrid was smaller than it's dam"
Perissodactyla Equidae Equus zebra Equus caballus Large NA Gray (1972) #362 0.0848 KC968811.1, JF718889.1 "at one year of age [the hybrid] was taller than either parent"
Primate Cercopithecidae Macaca radiata Macaca sinica NA Small Gray (1972) #63 NA No data for Macaca sinica "One hybrid was rather small at birth"
Primate Cercopithecidae Macaca silenus macaca nemestrina NA Small Gray (1972) #61 0.1309 AF350404.1, EU204975.1 "The hybrids were all under-sized and reared artificially in a children's clinic."
Primate Lemuridae Lemur albifrons (Eulemur fulvus albifrons) Lemur macaco (Eulemur macacao) Large NA Gray (1972) #116 0.1003* AF175856.1, AF175849.1 "Hybrids produced at the Hamburg Zoo were large, strong animals…"
Rodentia Caviidae Cavia porcellus Cavia aperea Large NA Gray (1972) #330 0.0909 HM447187.1, GU136754.1 "…no young are born at the first conception. Either the large hybrid fetuses are reabsorbed or the dam dies at 
parturition.Hybrids born at subsequent parturitions frequently survive. They have a high birth weight, show rapid growth 
and are fertile in both sexes." 
Rodentia Caviidae Cavia porcellus Cavia fulgida Large Large Gray (1972) #332 0.0934 HM447187.1, GU136737.1 "F1 hybrids of both sexes are remarkable vigorous, and their early growth rate is rapid. According to Detlefsen, male 
hybrids are larger than C. porcellus, but according to Ubisch and Mello, the hybrids are later surpassed in weight by the 
domestic guinnea pig."
Rodentia Cricetidae Clethrionomys rutilus Clethrionomys glareolus glareolus Large NA Gray (1972) #244 0.0818 AB031581.1, DQ472348.1 "F1 hybrids reported by Zimmermann showed hybrid vigour in pre- and postnatal development…"
Rodentia Cricetidae Meriones tristrami Meriones libycus Large NA Gray (1972) #249 0.1509* JQ687401.1, JQ927412.1 "A male and female hybrid obtained in Teheran were particularly large and vigorous animals."
Rodentia Cricetidae Mesocricetus auratus Mesocricetus newtoni Large NA Gray (1972) #254 0.1168 AB290351.1, AJ973381.1 "Litter size was much smaller than in the parentla species, but the hybrids showed heterosis in respect of growth rate and 
body weight."
Rodentia Cricetidae Peromyscus interparietalis Peromyscus eremicus Large NA Gray (1972) #273 NA No data for Peromyscus interparietalis "The f1 hybrids showed heterosis"
Rodentia Cricetidae Peromyscus leucocephalus Peromyscus maniculatus blandus Large Small Gray (1972) #278 NA No data for Peromyscus leucocephalus "Reciprocal crosses are possible, but difficulties frequently arise at parturition it the smaller P. leucocephalus is the 
female parent. The placenta of dead [hybrids when P. lecuocephalus is the mother] were disproportionately large.
Rodentia Cricetidae Peromyscus polionotus Peromyscus maniculatus Large Small Dawson (1965), Gray (1972) #281 0.0399 EF423875.1, DQ385827.1 "…There is high incidence of maternal feotal death in the second half of pregnancy, and the P. poilionotus females 
frequently die at parturition owing to the unusually large size of the hybrid foetuses. The smaller maternal species (P. 
polionotus) bears the larger hybrids and the larger maternal species (P. maniculatus) bears the smaller hybrids."
Rodentia Cricetidae Phodopus sungorus Phodopus campbelli Large Intermediate/Small Sokolov (1993 )/this study 0.0371 KF673394.1, KF673395.1 P.c. x P.s. hybrids weigh 29g as do the parents, while P.s. x P.c. hybrids weigh 55g - Table 2, row 2 in Sokolov (1993) is 
body weights (in russian)
Rodentia Muridae Acomys dimidiatus Acomys minous Large Small Gray (1972) #299 0.0838 AJ233959.1, GU046553.1 "The hybrids weighed less at birth and showed less rapid growth than the parental species. [in the reciprocal cross] the 
large size of the hybrid embryos tended to result in deficiencies at or before parturition. The post-natal growth of the 
hybrids was more rapid than in the parental species."
Rodentia Muridae Mus spretus Mus musculus Large Small Zechner (1996) 0.0963 AB033700.1, AC_000026.1 "increased placental size occurred in a (spr x mus) cross… The opposite phenotype, decreased placental size, was 
observed in (mus x spr) and (mus x mac) crosses…"
Rodentia Muridae Mus macidonicus Mus musculus Large Small Zechner (1996) 0.0686 AY057808.1, AC_000026.1 "increased placental size occurred in a (spr x mus) cross… The opposite phenotype, decreased placental size, was 
observed in (mus x spr) and (mus x mac) crosses… The occurrence of abnormally sized placenta weight in the mac 
crosses followed exactly the same pattern as the spr crosses"
Rodentia Muridae Mus specilegus Mus musculus Large NA Zechner (1996) NA No data for Mus specilegus "When the (mus x spi) F1 females were backcrossed with mus males, enlarged placentas were again observed"
Note: many taxanomic names have changed since Gray published in 1972. Here we report the same names as Grey (1972) with current names in parentheses
* To calculate Dxy, we aligned all sequences and trimmed the alignment to the 718 bases shared across most of the species. The single asterisk (*) indicates species pairs that had fewer than 718 bases in this trimmed alignment and indicates that these may not be directly comparable to the others.
** Low genetic divergence between polar bears and grizzly bears represents recent mitochondrial introgression and may not be indicative of the genome-wide divergence (Miller et al., 2012).
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Table S2: PCR Primer Sequences and Reaction Conditions
Primer Name Sequence 5` to 3` Melting Temp (Tm) GenBank accession numbers or USCS gene IDs/genome builds used to design these primer pairs
CytB Forward CCWGCCCCATCAAAYATYTC 60
CytB Reverse ACTGGTTGNCCTCCRATTCA 60
Grb10 Forward GCCTTCAGGAGGAAGACCA 55
Grb10 Reverse CATGGAACCARTGCTGNTC 55
H19 Forward GACATGGTCCGGTGTGAYG 55
H19 Reverse CTGGTGRGGAGGGGCAAA 55
Igf2 Forward TGGGGAAGTCGATGTTGG 55
Igf2 Reverse CGYTTGGCCTCTCTGAACKC 55
Igf2r Forward ACCACGAGTGGGGCTTCT 59
Igf2r Reverse GCCACCAGGAGNAGRCTGAG 59
Mash2 Forward GAGCGCAACCGCGTRAAG 57
Mash2 Reverse TCAGTAGCCCCCTAACCARCTG 57
Mest Forward GAGRGAGTGGTGGGTCCARG 56
Mest Reverse AAGGAGTTGATGAAGCCCATA 56
Peg3 Forward TGTGGACAGGCTTCATTCA 55
Peg3 Reverse TGTGAGAATTCTGGTGTCTGG 55
Snrpn Forward TGTGGGTAAGAGTAGCAAGATGC 55
Snrpn Reverse GTCTTGGTGGRCGCATTC 55
Zfx Forward* CAAAWCATGCAAGGRTAGAC 60


















Ywhaz_qpcr_R2  ATTTTCCCCTCCTTCTCCTG 60
PCR reaction conditions: 2min at 94c, 30x(15sec at 94c, 15sec at Tm, 60sec at 72c), 60sec at 72c, hold at 10c
qPCR reaction conditions:10min at 95c, 40x(30sec at 95c, 15sec at Tm, 15sec at 72c), 1min at 95c, 30sec at 55c, 30sec at 95c
We have therefore choosen to name them differently despite their similarities and common origin.
GenBank: JX217843.1, JX217842.1





Shaw, C. N., P. J. Wilson, and B. N. White. 2003. A reliable molecular method of gender determination for mammals. J. Mammal. 84:123–128.
UCSC: NM_001001555_hg18, mm9, rn4, cavPor2
UCSC: uc009kob.1_mm9,  hg19, rn4
UCSC: uc009kod.1_mm9, hg19, rn4,  cavPor3
UCSC: uc008aky.1_mm9, hg18, rn4, cavPor2 
UCSC: uc009koj.1_mm9, hg18, rn4, cavPor2
UCSC: uc009bfu.1_mm9, hg18, cavPor2
UCSC: NM_001146186_mm9, hg18, rn4, cavPor2 
UCSC: NM_022807_mm9, rn4
CHO-K1 ( GCA_000223135.1)
*This primer pair is similar to LGL331 and LGL335 from Shaw (2003) but have some slight modifications that result in them not amplifying Zfy in hamsters. 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 1. Percent composition for each placental cell type. 









8 66.7±3.8 17.7±2.2 15.0±1.6 
P. sungorus ×  
P. campbelli 5 54.9.±3.9 24.6±1.6 20.3±3.1 












































































































































































































































































































































































































































































































































































































































































































































































































































Differential expression across the genome:














































Differential expression across the genome:



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































consistent in F1 
and backcrosses
Female Male
Imprinted 
DE genes
A
bs
ol
ut
e 
va
lu
e 
of
 th
e 
lo
g 
fo
ld
-c
ha
ng
e 
of
 e
xp
re
ss
io
n
 
 204 
	
Supplemental	Table	1	
	
	 This	is	an	enormous	table	of	RAD	sequences	and	meta-data.	Accessible	at	
www.tombrekke/research/	STable_1_RAD_database.csv	
	
	
	
	
	
	
	
	
	
	
	
	
	
 
 205 
	
	
	
	
Enrichment*
Group
Enrichment*
Score
Summary*Term
Enrichment*Terms
angiogenesis
blood+vessel+morphogenesis
blood+vessel+development
vasculature+development
Enrichment*
Group
Enrichment*
Score Summary*Term Enrichment*Terms
angiogenesis
blood+vessel+morphogenesis
blood+vessel+development
vasculature+development
enzyme+linked+receptor+protein+signaling+pathway
transmembrane+receptor+protein+tyrosine+kinase+signaling+pathway
cell+motion
cell+migration
cell+motility
localization+of+cell
negative+regulation+of+cell+migration
negative+regulation+of+locomotion
negative+regulation+of+cell+motion
regulation+of+cell+motion
regulation+of+cell+migration
regulation+of+locomotion
Supplemental+Table+2B:+DAVID+enrichment+for+genes+with+lower+expression+in+large+backcrosses+than+normal+backcrosses
Angiogenesis2.771
3 2.28 Regulation+of+Locomotion
Cell+migration
Supplemental+Table+2A:+DAVID+enrichment+for+DE+genes+between+large+and+normal+backcrosses
Vasculature+
development
2 2.24
1 2.41
